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DOI: 10.1039/b822744fPositively charged CdTe-QDs capped with cysteamine (CA-CdTe-QDs) and negatively charged
AuNPs capped with 11-mercaptoundecanoic acid (MUA-AuNPs) have been prepared. They are water-
soluble and biocompatible. An assay for the determination of Pb2+ has been proposed based on the
modulation in FRET efficiency between QDs and AuNPs in the presence of Pb2+, which inhibits the
interaction of the QD-AuNP assembly. This method is easy to operate and with remarkably high
sensitivity. Under the optimum conditions, the response is linearly proportional to the concentration of
Pb2+ in the range 0.22–4.51 ppm, and the detection limit is found to be 30 ppb of Pb2+ due to the
superior fluorescence properties of QDs. The mechanism of this strategy is also discussed.Introduction
Among the metal ions, Pb2+ has received much attention, largely
because of the adverse environmental and health problems of
lead exposure. Lead poisoning has been related to several
diseases associated with environmental pollution.1 Therefore, the
rapid and sensitive detection of trace Pb2+ is of great importance.
It has been well established that the fluorescence method is
particularly a suitable optical method for monitoring low-level
heavy metal ions because of its sensitivity, facility and rapidness.
While many effective fluorescent sensors have been successfully
developed for various metal ions,2 there have been relatively few
reports on Pb2+-selective fluorescent sensors. Chen and Huang
used a ketoaminocoumarin derivative bearing a monoazacrown
ether binding site as a new fluorescent sensor, which can display
large fluorescence enhancement in the presence of Pb2+.3 Yoon
and co-workers reported a new fluorescent sensor based on
rhodamine B for Pb2+.4 The signal transduction occurs via
reversible CHEF (chelation-enhanced fluorescence) with this
inherent quenching metal ion. In addition, some colorimetric
techniques for the detection of Pb2+ have also been reported.5,6
However, the probes based on small organic luminescent dyes
are mostly not biocompatible because they function in organic
solvents, and colorimetric techniques generally display higher
detection limits. There is still plenty of room for improvements in
terms of selectivity and sensitivity, as well as suitable sensors
which can function in aqueous systems.
Quantum Dots (QDs) have generated great research interest in
the past two decades. As a result of quantum confinement (1–10
nm), they have unique optical and electronic properties such as
broad excitation spectra and narrow symmetric and tunable
emission spectra.7 Compared with conventional organic fluo-
rescent dyes, QDs exhibit remarkable advantages, including high
fluorescence quantum yields, excellent photostability, and goodThe MOE Key Laboratory of Analytical Science and the Key laboratory
for Chemical Biology of Fujian Province, Department of Chemistry,
College of Chemistry and Chemical Engineering, Xiamen University,
Xiamen 361005, China. E-mail: xqguo@xmu.edu.cn
1348 | Analyst, 2009, 134, 1348–1354water solubility.8 Recent advances in QDs have shown great
promise in molecular detection,9 and several groups have
employed them as metal ion probes.10–14 As the luminescence of
QDs is very sensitive to the surface states of the nanoparticles, it
is reasonable to expect that the chemical or physical interactions
between a given metal ion and the surface of the QDs would
result in changes in the efficiency of the core electron–hole
recombination, thereby affecting the luminescence emission of
the QDs.15 So these methods are generally based on fluorescence
quenching or enhancement of QDs in the presence of metal ions.
However, discrimination between chemically closely related
metal ions is not satisfactory enough. New target recognition-
report modes still need to be found.
It is reported that functionalized gold nanoparticles (AuNPs)
are aggregated in solution in the presence of Pb2+ by an ion-
templated chelation.5 In addition, AuNPs are supposed to be
very effective Fluorescence Resonance Energy Transfer (FRET)
acceptors because of their high extinction coefficient (up to 109
M1 cm1) and a broad absorption spectrum that is overlapped
with the emission of usual energy donors.16 Several research
groups have constructed biomolecule-conjugated QD-AuNP
assemblies for biological analyses.17–19 Herein, we report a FRET
donor–acceptor assembly due to electrostatic interactions
between the positively charged CdTe-QDs capped with cyste-
amine (CA-CdTe-QDs) and the negatively charged AuNPs
capped with 11-mercaptoundecanoic acid (MUA-AuNPs). A
novel inhibition assay method for Pb2+ determination has been
proposed based on the modulation effect of Pb2+ on the FRET
efficiency between QDs and AuNPs.Experimental
Apparatus
The steady-state fluorescence spectra and Resonance Light
Scattering (RLS) spectra were recorded with an RF-5301pc
spectrofluorophotometer (Shimadzu, Japan). The fluorescence
lifetime measurements were conducted using FLS 920 spec-
trometer (Edinburgh Instruments, UK). The absorption spectraThis journal is ª The Royal Society of Chemistry 2009
Fig. 1 Absorption (dashed line) and emission (solid line) spectra
(normalized) of CA-CdTe-QDs (Em/Ex ¼ 560/380 nm). The inset is
a photograph of CA-CdTe-QDs in the dark excited by UV light.






























































View Onlinewere acquired on a WFZ756 UV-vis spectrometer (Shanghai,
China). Zeta potentials were recorded with a ZetaPALS instru-
ment (Brookhaven, USA). All pH measurements were made with
a Mettler Toledo 320-S pH meter. The high resolution trans-
mission electron microscopy (HRTEM) images of the nano-
particles were acquired on a Tecnai F30 electron microscope.
Reagents
Chloroauric acid tetrahydrate (AuCl3$HCl$4H2O), cadmium
chloride (CdCl2$2.5H2O), sodium borohydride (NaBH4), triso-
dium citrate dihydrate (C6H5Na3O7$2H2O), tellurium powder
(Te) and thioglycolic acid (TGA, C2H4O2S) were purchased from
Sinopharm Chemical Reagent Co., Ltd. Cysteamine (CA,
HSCH2CH2NH2) was purchased from Tokyo Chemical Industry
Co., Ltd. 11-Mercaptoundecanoic acid was purchased from
Aldrich. Glutathione reduced (GSH, C10H17N3O6S) was
purchased from Shanghai Sangon Biological Engineering
Technology & Services Co., Ltd. All other chemicals used were
of analytical reagent grade. Water was purified with a Milli-Q
(18.2 MU) water system.
Procedures
Synthesis of CdTe-QDs capped with different ligands (CA-
CdTe-QDs, GSH-CdTe-QDs, TGA-CdTe-QDs). The synthetic
procedure of CA-CdTe-QDs was modified from previous liter-
ature reports.20 Briefly, 0.25 mmol of CdCl2 and 0.6 mmol of
cysteamine were dissolved in 200 mL of deionized water in a 250
mL three-neck flask. The pH was adjusted to 5.0 with a 0.1 M
HCl solution. Pure N2 was used to deaerate the reaction solution
under magnetic stirring for 30 min. A certain amount of 1 M
NaHTe solution, prepared by reacting Te powder with NaBH4
by a molar ratio of 1 : 2 in water, was quickly added into the
reaction solution. The molar ratio of Cd2+ : CA : HTe was fixed
at 1 : 2.4 : 0.5. The reaction mixture was then refluxed under
a nitrogen atmosphere. The emission wavelength of the CdTe-
QDs could be tuned by changing the refluxing time. The GSH-
CdTe-QDs and TGA-CdTe-QDs were prepared by a similar
process, in which glutathione and thioglycolic acid were used as
ligands respectively, and the pH was adjusted to 9.0 with a 0.1 M
NaOH solution in each case. The final concentration of CdTe-
QDs used in our experiment is ca. 8.0  106 mol/L according to
the excitonic absorption peak value and the extinction coefficient
per mole (3) of CdTe nanoparticles.21
Synthesis of gold nanoparticles capped with 11-mercaptounde-
canoic acid (MUA-AuNPs). The aqueous colloidal MUA-AuNP
solution was prepared by adding 1 mL of 1 wt% AuCl3 solution to
100 mL N2-saturated deionized water. The solution was brought
to reflux while stirring. 4 mL of 1 wt% trisodium citrate solution
was added, resulting in a change in solution color from pale yellow
to deep red. After the color change, the solution was refluxed for
an additional 20 min. 1 mL of 0.1 M NaOH and an aqueous
solution of 11-mercaptoundecanoic acid (3.2 mg) were added to
the colloidal gold nanoparticles. The mixture was stirred for 1 h,
and allowed to cool at room temperature. The excess MUA and
citrate anion were removed by dialysis. The final concentration of
MUA-AuNPs is ca. 1.6  109 mol/L according to the plasmon
absorption peak value and the 3 of MUA-AuNPs.5This journal is ª The Royal Society of Chemistry 2009The as-prepared CdTe-QDs and Au-NPs are photochemically
stable. No visible sediments or spectrum change was observed
within 6 months (stored in the refrigerator, 4 C).Results and discussion
Optical characteristics of CA-CdTe-QDs and MUA-AuNPs
Fig. 1 shows the absorption and emission spectra of the cyste-
amine-capped CdTe nanoparticles. The average particle size is
about 3.0 nm, derived from the wavelength of the first excitonic
absorption peak (525 nm) in the absorption spectrum, based on
an empirical fitting function from a previous report.21 This result
is further confirmed by TEM. Different sizes of the nanoparticles
are easily obtained by controlling different duration times of
reflux. The emission spectrum and the inset photograph show
that the CA-CdTe-QDs fluoresce strongly with a maximum
emission at 560 nm. The quantum yield (QY) is measured to be
7%, using quinine sulfate as the photoluminescence (PL) refer-
ence. The QYs of GSH-CdTe-QDs and TGA-CdTe-QDs used in
our work are measured to be 24% and 18%, respectively.
Fig. 2 shows the absorption spectrum of MUA-AuNPs.
Aqueous suspensions of the functionalized gold nanoparticles
display an intense plasmon absorption (lmax ¼ 523 nm, 3 ¼ 6 
108 M1 cm1)5 that renders the suspensions red.Analyst, 2009, 134, 1348–1354 | 1349
Scheme 1 Schematic representation of the Pb2+-induced ion-templated
chelation of MUA-AuNPs.





































































View OnlineTEM images of CA-CdTe-QDs and MUA-AuNPs
The morphology of the prepared CA-CdTe-QDs and MUA-
AuNPs was studied by transmission electron microscopy (TEM).
Fig. 3A and 3B show the image of the prepared CA-CdTe-QDs.
The shape of these nanoparticles is close to spherical, aggregated,
with the average size about 4 nm, which is close to the calculated
value (3.0 nm) mentioned above. The aggregation of QDs
observed in the image occurs during the solvent evaporation
process of the TEM experiments. Fig. 3C and 3D show the image
of the prepared MUA-AuNPs, the average size of which is about
14 nm with a narrow size distribution.
Effects of Pb2+ on the optical characteristics of MUA-AuNPs
Pb2+-induced changes of the absorption spectrum of MUA-
AuNPs were observed, shown in Fig. 4. The characteristicFig. 3 TEM images of (A) CA-CdTe-QDs; (B) an enlarged view of CA-
CdTe-QDs; (C) MUA-AuNPs; (D) an enlarged view of MUA-AuNPs.
Fig. 4 Absorption spectrum of MUA-AuNPs (1.6  109 mol/L) in the
presence of Pb2+ at various concentrations. The [Pb2+] in samples (a)–(j) is
0, 10.36, 20.72, 31.08, 41.44, 51.80, 62.16, 72.52, 82.88 and 93.24 ppm,
respectively. The inset are colorimetric responses of (a) and (j).
CA-CdTe-QDs 21.96 16.45 50
GSH-CdTe-QDs 4.70 18.88 83
TGA-CdTe-QDs 30.00 17.76 53
MUA-AuNPs 44.57 24.68 56
a The concentration of QDs is 5.3  106 mol/L; the concentration of
MUA-AuNPs is 1.1  109 mol/L; pH ¼ 7.0 Tris-HCl.
1350 | Analyst, 2009, 134, 1348–1354plasmon absorption peak (lmax ¼ 523 nm) of MUA-AuNPs was
decreased, while the long-wavelength absorption (around 600
nm) was significantly increased by increasing the concentration
of Pb2+; resulting in a red-to-blue color change. The experimental
results can be explained in terms of the Pb2+-induced ion-tem-
plated chelation process of negatively charged MUA-AuNPs
(Scheme 1), the zeta potential of which is 44.57 mV due to the
ionization of the –COOH group in the MUA ligand (Table 1). In
fact, the aggregation and corresponding color change of AuNPs
driven by target objects have been employed for the visual
sensing of certain target objects, such as Pb2+,5,6 and DNA.22
These colorimetric techniques for the detection of Pb2+, however,
generally display lower sensitivity.
In exploring the selectivity of the response of MUA-AuNPs to
Pb2+, a control experiment was carried out using other metal
ions, including Co2+, Al3+, Ba2+, Ca2+, Cd2+, Cu2+, Ag+, Zn2+,
Fe2+, Fe3+, Hg2+, K+, Mg2+ and Mn2+ (at the same concentration
as that of Pb2+). As shown in Fig. 5, only Pb2+ could cause
a visible color change of MUA-AuNPs in a few seconds; Al3+ and
Ba2+ caused the color change one day later, while other metalFig. 5 Colorimetric responses of MUA-AuNPs (1.6 109 mol/L) in the
presence of selected metal ions with the same concentration (90 ppm) in
each sample: blank, Co2+, Al3+, Ba2+, Ca2+, Cd2+, Cu2+, Ag+, Pb2+, Zn2+,
Fe2+, Fe3+, Hg2+, K+, Mg2+ and Mn2+ (from left to right).
This journal is ª The Royal Society of Chemistry 2009
Fig. 6 Resonance Light Scattering spectrum of MUA-AuNPs (1.6 
109 mol/L) in the presence of Pb2+ at various concentrations. The [Pb2+]































































View Onlineions had no visible effects on the MUA-AuNPs. The rapid and
effective aggregation process induced by Pb2+ might be due to
some kinetic mechanism, which is still under study.
To further prove this Pb2+-induced ion-templated chelation of
MUA-AuNPs, we explored an aggregation-sensitive Resonance
Light Scattering (RLS) technique. (For obtaining the RLS
spectra, the excitation and emission monochromator wave-
lengths were coupled and adjusted to scan simultaneously
through the range from 250 to 700 nm.) The results are shown in
Fig. 6: an increase in RLS intensity is readily evident with the
addition of Pb2+, which indicates the formation of aggregates.23Scheme 2 Schematic representation of the FRET donor–acceptor
assembly of positively charged CA-CdTe-QDs and negatively charged
MUA-AuNPs.
Fig. 7 Absorption spectrum (normalized) of MUA-AuNPs (dashed
line) and emission spectrum (normalized) of CA-CdTe-QDs (solid line).
The shaded area indicates the integral overlap of the two curves.FRET-based nanoscale assembles of oppositely charged QDs and
AuNPs
Fluorescence (or F€orster) resonance energy transfer (FRET) is
a process that involves non-radiative energy transfer from
a photoexcited donor molecule, after absorption of a higher
energy photon, to an acceptor molecule of a different species
(brought into close proximity), which may relax to its ground
state by emitting a lower energy photon. This process results
from dipole–dipole interactions and is thus strongly dependent
on the center-to-center separation distance; and it requires a non-
zero integral of the spectral overlap between donor emission and
acceptor absorption.24 While good spectral overlap is paramount
for high transfer efficiency, the donor and acceptor photo-
luminescence signals must also be well resolved to extract
accurate experimental information for the system under investi-
gation. In addition, the excitation line should be chosen to
coincide with the minimum of the acceptor absorption spectrum
in order to reduce contributions resulting from direct excitation
of the acceptor.25 Careful selection of an appropriate donor–
acceptor pair ensures a high transfer efficiency and provides
several measurable parameters: a quenched donor photoemis-
sion, an enhanced acceptor fluorescence, a shortened donor
exciton lifetime and a prolonged acceptor fluorescence lifetime.
As to some non-luminous energy acceptors, like AuNPs and
Black Hole Quencher-10 (BHQ-10),26 which exhibit a high
extinction coefficient and broad absorption spectrum, the
measurable parameters reduce to two: a quenched donorThis journal is ª The Royal Society of Chemistry 2009photoemission and a shortened donor exciton; and the spectrum
will be more simplified.
The unique properties of luminescent QDs suggest that they
may be particularly well suited for use in FRET assays in bio-
logical environments, especially as energy donors. The tunable
photoemission makes it possible to adjust the FRET efficiency by
altering the spectral overlap between the QD donor and the
energy acceptor. The broad absorption spectrum should allow
flexibility in choosing the desired excitation wavelength in FRET
studies where direct excitation of the acceptor molecules can be
substantially reduced. Furthermore, the water solubility makes
QDs function well in biological systems.
In this work, we show that CA-CdTe-QDs and MUA-AuNPs
form FRET assemblies due to electrostatic interactions, in which
CA-CdTe-QDs act as energy donors and MUA-AuNPs act as
energy acceptors (Scheme 2). In pH 7.0 Tris-HCl buffer solution,
the zeta potentials of them were 21.96 mV and 44.57 mV,
respectively (Table 1), due to the protonation of the –NH2 group
in the CA ligand and the ionization of the –COOH group in the
MUA ligand. This kind of electrostatic interaction is essential,
because FRET is extremely sensitive to the separation distanceAnalyst, 2009, 134, 1348–1354 | 1351
Fig. 8 Effects of MUA-AuNPs on the luminescence of CdTe-QDs (2.6  107 mol/L, pH ¼ 7.0 Tris-HCl) capped with different ligands. The [MUA-































































View Onlinebetween the donor and acceptor. Since the distance between the
QD donor and the AuNP acceptor is shortened, and the spectral
integral overlap between the QD donor emission and AuNP
acceptor absorption is large (Fig. 7), an efficient FRET process
occurs. The luminescence of CA-CdTe-QDs was noticeably
quenched in the presence of increasing amounts of energy
acceptor MUA-AuNPs (Fig. 8A). For controls, nearly neutral
GSH-CdTe-QDs (zeta potential 4.70 mV) and negatively
charged TGA-CdTe-QDs (zeta potential 30.00 mV), which
luminesce at the same maximum wavelength as the CA-CdTe-
QDs, were synthesized and used as the substitute of positivelyFig. 9 RLS spectra of CdTe-QDs (3.8 107 mol/L, pH 7.0 Tris-HCl) capped
(A) (a) blank buffer solution; (b) CA-CdTe-QDs; (c) MUA-AuNPs; (d) CA-C
(b) GSH-CdTe-QDs; (c) MUA-AuNPs; (d) GSH-CdTe-QDs in the presenc
(c) MUA-AuNPs; (d) TGA-CdTe-QDs in the presence of MUA-AuNPs.
Fig. 10 Effects of MUA-AuNPs (1.7  1011 mol/L) on the fluorescence life
different ligands. (A) (a) CA-CdTe-QDs (s ¼ 20.1 ns); (b) CA-CdTe-QDs in t
49.3 ns); (b) GSH-CdTe-QDs in the presence of MUA-AuNPs (s ¼ 49.0 ns). (C
of MUA-AuNPs (s ¼ 24.9 ns).
1352 | Analyst, 2009, 134, 1348–1354charged CA-CdTe-QDs, while the other experimental conditions
were unchanged, but the loss of QD luminescence was hardly
seen (Fig. 8B,C). These results indicate that an efficient FRET
process only occurs when oppositely charged QDs and AuNPs
are used, which brings the AuNP acceptor into the proximity of
the QD donor, and forms QD-AuNP assemblies. Compared to
some other complicated and costly biological method in con-
structing QD-AuNP assemblies,17–19 this kind of electrostatic
interaction strategy is very simple.
The aggregation-sensitive RLS spectra of CdTe-QDs capped
with different ligands in the presence of MUA-AuNPs are shownwith different ligands in the presence of MUA-AuNPs (2.2 1011 mol/L).
dTe-QDs in the presence of MUA-AuNPs. (B) (a) blank buffer solution;
e of MUA-AuNPs. (C) (a) blank buffer solution; (b) TGA-CdTe-QDs;
time of CdTe-QDs (5.0  107 mol/L, pH ¼ 7.0 Tris-HCl) capped with
he presence of MUA-AuNPs (s ¼ 11.2 ns). (B) (a) GSH-CdTe-QDs (s ¼
) (a) TGA-CdTe-QDs (s ¼ 25.5 ns); (b) TGA-CdTe-QDs in the presence
This journal is ª The Royal Society of Chemistry 2009
Fig. 11 (A) Emission spectra of CA-CdTe-QDs of FRET assemblies in
the presence of Pb2+. The dashed line represents the initial emission
spectrum of CA-CdTe-QDs (F0, 2.0 107 mol/L, pH 7.0 Tris-HCl). The
solid lines represent the emission spectra of CA-CdTe-QDs (F, 2.0 107
mol/L, pH 7.0 Tris-HCl) preincubated with different concentrations of
Pb2+ before a fixed amount of MUA-AuNPs was added. The [Pb2+] in
samples (a)–(r) is 0, 0.22, 0.48, 0.97, 1.45, 1.93, 2.42, 2.90, 3.38, 3.87, 4.51,
5.16, 5.80, 6.44, 7.09, 7.73, 8.38 and 9.02 ppm, respectively. (B) Relative
PL intensity (F/F0) as a function of [Pb
2+]. The inset shows linear corre-
lation of F/F0 values and [Pb






























































View Onlinein Fig. 9. An increase in RLS intensity was readily evident with
the addition of MUA-AuNPs to the positively charged CA-
CdTe-QDs, which indicated the formation of assemblies, while
the RLS intensities of nearly neutral GSH-CdTe-QDs and
negatively charged TGA-CdTe-QDs remained unchanged in the
presence of MUA-AuNPs. These results further confirm that
only oppositely charged QDs and AuNPs can form assemblies,
which shorten the donor–acceptor separation distance.
Fluorescence lifetime measurements provide additional proof
confirming that an efficient FRET process occurs. Non-radiative
energy transfer is expected to substantially alter the exciton
lifetime of the donor. As shown in Fig. 10, positively charged
CA-CdTe-QDs showed an average lifetime of 20.1 ns (lifetime
data were calculated using the biexponential model) in the
absence of MUA-AuNPs, and the lifetime dramatically short-
ened to 11.2 ns in the presence of MUA-AuNPs, while the
average lifetimes of nearly neutral GSH-CdTe-QDs and nega-
tively charged TGA-CdTe-QDs were hardly changed under the
same experimental conditions. These results are a direct proof
that an efficient FRET process occurs between oppositely
charged QDs and AuNPs.
FRET-based QDs emission response to Pb2+ concentration
As is mentioned above, MUA-AuNPs are aggregated in the
presence of Pb2+ by an ion-templated chelation, while oppositely
charged MUA-AuNPs and CA-CdTe-QDs can form FRET
donor–acceptor assemblies due to electrostatic interactions,
which effectively quench the PL intensity of the QDs. It is
reasonable to expect that the efficiency of FRET between
MUA-AuNPs and CA-CdTe-QDs would be affected by Pb2+,
which congregates the AuNPs and inhibits the FRET process
(Scheme 3), and the FRET-based QDs emission would respond
to Pb2+ concentration.
Fig. 11 shows the FRET-based QDs emission response to Pb2+
concentration. The PL intensity of CA-CdTe-QDs (2 107 mol/L,
pH 7.0 Tris-HCl) was quenched over 80% in the FRET assemblies.
The FRET process was significantly inhibited in the presence of
Pb2+, as indicated by the increase of the QD PL intensity as the
concentration of Pb2+ was increased (Fig. 11A). These results
indicate that Pb2+ effectively congregates the AuNPs, while the
concentration of Pb2+ can modulate the FRET efficiency between
the QDs and AuNPs.
A linear relationship between F/F0 and the concentration of
Pb2+ is obtained in the range 0.22–4.51 ppm of Pb2+, as shown in
the inset of Fig. 11B, where F0 and F stand for the PL intensitiesScheme 3 Schematic representation of the inhibition assay method for
Pb2+ determination based on its modulation in FRET efficiency between
QDs and AuNPs.
This journal is ª The Royal Society of Chemistry 2009of QD-AuNP assemblies in the absence and presence of Pb2+,
respectively. The correlation coefficient is 0.998. The limit of
detection (LOD) calculated according to IUPAC definitions is 30
ppb of Pb2+, which is much lower than some colorimetric
techniques.5,6
Effect of pH
The pH values of the system greatly affect the QD-AuNP
assemblies, since these donor–acceptor assemblies are formed by
electrostatic interactions. The pKa of the MUA ligand is around
5.027 and the pKa of the protonated CA ligand is around 9.0.
28 So
the favorable pH range would be from 5.0 to 9.0, in which CA-
CdTe-QDs are positively charged, while MUA-AuNPs are
negatively charged, they can form FRET donor–acceptor
assemblies efficiently. In our experiments, the physiological pH
value 7.0 (Tris-HCl buffer solution) was recommended for use.
Effect of foreign metal ions
A systematic study of the interference of foreign metal ions in the
determination of Pb2+ (15 mM) was carried out. Various amountsAnalyst, 2009, 134, 1348–1354 | 1353



















































































View Onlineof different metal ions were added by firstly testing a 100-fold
interference with Pb2+ (mM/mM); if interference occurred, the
ratio is gradually reduced until the interference ceased. The
criterion for interference is fixed at a 5% variation of the
calculated concentration of Pb2+ using our inhibition assay
method. The results are shown in Table 2. Most metal ions show
little interference except for Ag+ and Fe3+. So a small amount of
Cl is added as the precipitator for Ag+, while a small amount of
F is added as the masking agent for Fe3+ when these interfering
substances exist in the samples.
Conclusion
In summary, highly luminescent water-soluble CA-CdTe-QDs
were synthesized in aqueous solution through a straightforward
one-pot process by using safe and low-cost inorganic salts as
precursors. Unlike other negatively charged QDs capped with
mercaptocarboxylic acid ligands, which have been widely
reported, these CA-CdTe-QDs are positively charged due to the
protonation of the CA ligands. These positively charged CA-
CdTe-QDs can form FRET donor–acceptor assemblies with
negatively charged MUA-AuNPs by electrostatic interactions,
which effectively quench the PL intensity of the QDs. A novel
inhibition assay method for Pb2+ detection has been proposed
based on the modulation effect of Pb2+ on the FRET efficiency
between QDs and AuNPs. This method is easy to operate and
with remarkably high sensitivity. Under the optimum conditions,
the response is linearly proportional to the concentration of Pb2+
in the range 0.22–4.51 ppm, and the detection limit is found to be
30 ppb of Pb2+ due to the superior fluorescence properties of the
QDs. The selectivity of the proposed method is relatively high,
most physiological metal ions show little interference. And
compared to other small organic luminescent dyes used in Pb2+
detection, these nanoparticles exhibit remarkable advantages,
including high fluorescence quantum yields, excellent photo-
stability, and good water solubility. They have shown great
promise in molecular detection. Our future work will be
concentrated on improving the chemical selectivity by altering
the receptor ligand composition, and using this method for1354 | Analyst, 2009, 134, 1348–1354special biological assays, such as the detection of Pb2+ concen-
tration in human blood.Acknowledgements
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